Abstract Intensive livestock farming has raised issues about environmental impacts and food security during the past 20 years. As a consequence, there is a strong social demand for sustainable livestock systems. Sustainable livestock systems should indeed be environmentally friendly, economically viable for farmers, and socially acceptable, notably for animal welfare. For that goal, many sustainability indicators and methods have been developed at the farm level. The main challenge is using a transparent selection process to avoid assessment subjectivity. Here, we review typologies of sustainability indicators. We set guidelines for selecting indicators in a data-driven context, by reviewing selection criteria and discussing methodological issues. A case study is presented. The selected set of indicators mainly includes (1) environmental indicators focusing on farmer practices; (2) quantitative economic indicators; and (3) quantitative social indicators with a low degree of aggregation. The selection of indicators should consider (1) contextualization to determine purpose, scales, and stakeholders involved in the assessment; (2) the comparison of indicators based on various criteria, mainly data availability; and (3) the selection of a minimal, consistent, and sufficient set of indicators. Finally, we discuss the following issues: topics for which no indicators are measurable from available data should explicitly be mentioned in the results. A combination of means-based indicators could be used to assess a theme, but redundancy must be avoided. The unit used to express indicators influences the results and has therefore to be taken into account during interpretation. To compare farms from indicators, the influence of the structure on indicator values has to be carefully studied.
Introduction
During the twentieth century, developments in agriculture led to intensification and specialization of livestock production systems. The long-term viability of these systems is now questioned, however, due to crises related to animal diseases and detrimental effects on farm income, animal welfare, and the environment (Rigby et al. 2001; ten Napel et al. 2011; van Calker 2005) . There are less social acceptance of such intensive and specialized systems and demand for more sustainable livestock farming systems, i.e., that are economically viable for farmers, environmentally friendly, and socially acceptable (Boogaard et al. 2011; ten Napel et al. 2011) (Fig. 1) .
Sustainability assessment is a key step in supporting the development of sustainable farming systems (Sadok et al. 2008) . In practice, it involves dividing the aforementioned three dimensions of sustainability into various issues of concern (Gómez-Limón and Sanchez-Fernandez 2010), called objectives, attributes, or themes (Alkan Olsson et al. 2009; Binder et al. 2010; van Calker 2005; van der Werf and Petit 2002) , and assessing these objectives using indicators (van der Werf and Petit 2002 ). An indicator is defined as "a variable which supplies information on other variables which are difficult to access and can be used as a benchmark to make a decision" (Gras 1989) . Over the past few decades, there has been an "indicator explosion" (Riley 2001a) , with the development of indicator-based assessment methods, at regional, farm, or cropping system levels. This multiplicity of indicators and assessment tools raises questions and is a source of confusion for potential users ). The key question in this field has therefore shifted from "how do we develop an indicator?" to "which indicators can we use?," highlighting the issue of indicator selection .
We identified three approaches in terms of sustainability assessment: (1) the method-based approach in which an existing assessment method is selected to perform an evaluation; (2) the objective-driven approach, which aims to develop an assessment method by selecting indicators and collecting the necessary data; and (3) the data-driven approach, which consists of selecting and calculating indicators from existing data. Data-driven approaches, such as assessments based on farm accounting data, have several fields of application: (1) analysis of diversity within a representative set of farms; (2) analysis of changes over a period of time; and (3) definition of regional targets in certain sustainability themes (Meul et al. 2007) .
With a method-based approach, the challenge is to select a suitable method, which is why several authors have compared indicators-based methods to suggest selection guidelines Galan et al. 2007; Halberg et al. 2005a; Payraudeau and van der Werf 2005; van der Werf and Petit 2002; van der Werf et al. 2007 ). With objectivedriven and data-driven approaches, the challenge is to select an appropriate set of indicators. To address this issue, various works describe and characterize indicator diversity: typologies of agrienvironmental indicators Payraudeau and van der Werf 2005; van der Werf and Petit 2002; van der Werf et al. 2009 ), comparisons, evaluations (Aveline et al. 2009 ; Thomassen and de Boer 2005) , and inventories of indicators. These inventories have been performed for specific environmental topics, such as pesticide risks (Devillers et al. 2005) , and nitrogen management (CORPEN 2006) , or for specific purposes, such as the French territorial observatory of agricultural practices (Guillaumin et al. 2007) , or the design of a tool to assess and compare the sustainability of options of the Common Agricultural Policy (Geniaux et al. 2006) .
However, few works specifically deal with indicator selection in the data-driven approach. In this perspective, Halberg et al. (2005a) highlighted the need for consensus on a list of environmental indicators to assess livestock farming systems and proposed a structure for indicator selection, based on geographical scale, system boundary, and the purpose of the assessment. On the other hand, most of the studies focus on environmental impacts of agricultural systems, without taking into account economic and social components (Darnhofer et al. 2010) , leading to an imbalance between the three dimensions of sustainability. In this context, the main objective of this review is to analyze how to select a set of environmental, economic, and social indicators in order to assess the sustainability of livestock farming systems. Our paper focuses on data-driven assessments performed at farm level, from available databases, and without additional data collection. Due to the diversity of Fig. 1 Intensive livestock farming systems have several potential environmental impacts, such as eutrophication, groundwater pollution by nitrates, and greenhouse gas emissions assessments in terms of objectives, end users, and available data, our objective is not to provide a predefined set of indicators. This article is in two parts: (1) an initial general section describing typologies of sustainability indicators in order to understand their diversity and structure and (2) two practical sections aiming to help users to select a set of indicators by summarizing the selection criteria used in sustainability assessments and highlighting some key methodological issues to be taken into account in the selection process. The issues reviewed here are illustrated by means of a case study on the analysis of sustainability of Walloon livestock systems, from farm accounting databases.
Overview and characterization of sustainability indicators

Environmental sustainability
Numerous examples exist in the literature concerning the use of agro-ecological indicators to assess environmental impacts of farming systems (Bechini and Castoldi 2009; Bockstaller et al. 2008) . To structure these indicators, several typologies have been presented in the literature Payraudeau and van der Werf 2005; van der Werf and Petit 2002; van der Werf et al. 2009 ). These are based on the causal chain between agricultural practices and their impacts, and underline the indirect link between practices and impacts due to the influence of external factors, such as soil characteristics or weather (van der Werf et al. 2009 ). These typologies differ according to the description of each level of the causal chain. Based on these analyses, we use a typology defining four kinds of indicators: (1) means-based indicators assessing technical means and inputs used on the farm, e.g., the livestock stocking rate; (2) system-state indicators concerning the state of the farming system, e.g., amount of post-harvest soil nitrate; (3) emission indicators related to the farm's polluting emissions into the environment and the potential impact of these emissions, e.g., estimated amount of nitrates lost to groundwater and surface water; and (4) effectbased indicators reflecting the impact of the practices on the environment and consisting of direct measurements, e.g., actual nitrate concentration in groundwater.
There is a duality between means-based and effect-based indicators in terms of measurability and environmental relevance. Measurability is related to the question "is the indicator easy to implement?," while environmental relevance answers the question "does the indicator reflect environmental impacts?" On the one hand, means-based indicators are easy to implement with regard to data availability and calculation but have a low quality of prediction of environmental impacts (van der Werf and Petit 2002; van der Werf et al. 2009 ). On the other hand, effect-based indicators have a high environmental relevance, due to their direct link with the objectives and their context specificity, but are difficult to implement from a methodological or practical point of view. Moreover, data collection is often more expensive (Chardon 2008; van der Werf and Petit 2002) . Assessment tools using such indicators are consequently more difficult to implement because they are more complex, time-consuming, or require not directly available data (van der Werf et al. 2009 ). Effect-based indicators also usually cover a larger spatial scale than the farm, such as regional or watershed scale. With respect to the use of indicators on-farm, means-based indicators are more suitable because they are easy to implement and sensitive to production practices. In contrast, effect-based indicators do not enable cause-effect relationships to be monitored, making it difficult to use them to formulate specific advice for farmers . However, some authors underline that the choice of means to reduce environmental impact is then left to the farmers themselves (Chardon 2008; van der Werf and Petit 2002) . For instance, the farmer can choose the measures to implement in order to decrease nitrate concentration in groundwater.
System-state and emission indicators constitute an intermediate category. Both are linked, and system-state indicators could be included in emission indicators since they are variables that serve as inputs into the latter. Three types of emission indicators, with different levels of complexity, can be identified. Firstly, nutrient balances are calculated as the difference between inputs entering and outputs leaving the system. The surplus is then assumed to be lost to the environment (Thomassen and de Boer 2005) . However, even if this indicator is useful in improving farmers' practices, it is considered to have a low quality of prediction for nitrogen losses (Chardon 2008) . Secondly, some indicators derived from life cycle analysis (LCA), such as the global warming potential, use emission factors to evaluate the potential impacts of agricultural activities. These indicators consider system boundaries extending from production of inputs to the farm exit, i.e., "cradle-to-farm-gate" (Thomassen and de Boer 2005) . Thirdly, some indicators are calculated from mechanistic model outputs. These model-based indicators link farmers' practices with environmental issues more directly, but their complexity is the main limitation for their use Halberg et al. 2005b) . They can also include factors that are not controlled by the farmer, such as climate or soil type (Halberg et al. 2005b) . Table 1 summarizes this typology and the characteristics of the indicators, related to the calculation method, data availability, and environmental relevance.
Various classifications of environmental indicators and objectives exist in the literature (Alkan Olsson et al. 2009; Meul et al. 2008; Sadok et al. 2009; van der Werf and Petit 2002) . Such a classification is a challenge since some indicators can be sorted in various ways. For example, pesticide use has an impact on different environmental compartments: air, water and soil quality, and on biodiversity. We decided to group environmental indicators found in the literature into ten environmental themes related to nutrients, pesticides, non-renewable resources (i.e., energy and water), land management, emissions of greenhouse gases and acidifying substances, biodiversity, and physical, chemical, and biological soil quality. The four first relate to input management, while the others concern the quality of natural resources (Fig. 2 ). Water quality is not mentioned separately here since indicators for this aspect mainly concern nutrients and pesticides. Our list of indicators and themes is not exhaustive and could constantly be supplemented, based on a wealth of literature about sustainability assessments. For an overview of environmental themes, please refer, for instance, to Alkan Olsson et al. (2009) and van der Werf et al. (2007) . Figure 2 shows the division of sustainability into dimensions and themes. This classification has the drawback of not clearly representing trade-offs between and within dimensions, for example between nutrient management and greenhouse gas emissions. Within each of these themes, indicators have been classified according to the typology described above. Figures 3 and 4 give an overview of this classification, based on a literature review.
Whatever the theme considered, the limitation of data availability has often compelled data-driven approaches to focus on agricultural practices and hence on means-based indicators. Indeed, model-based and effect-based indicators require context-specific data, such as climatic or soil characteristics, or specific on-site measurements that are not measurable in such a context. A possible solution for this situation may be to use average data, for a region or a sector, but it is not relevant for all indicators. Moreover, such average data are not always available. Nevertheless, some intermediate emission indicators, such as the nitrogen balance, could be interesting because they offer a compromise between environmental relevance and measurability (Chardon 2008 ).
Economic sustainability
Economic sustainability is defined as the economic viability of farming systems, i.e., their ability to be profitable (Gómez-Limón and Sanchez-Fernandez 2010; Sadok et al. 2008; van Calker et al. 2007; Van Cauwenbergh et al. 2007) in order "to provide prosperity to the farming community" (Van Cauwenbergh et al. 2007 ). Economic sustainability is linked with the social pillar since income level is important for access to social activities (Van Cauwenbergh et al. 2007 ). The most commonly used economic indicators refer to a farm's profitability, i.e., farm income, efficiency, and productivity. Nevertheless, additional economic indicators can be grouped into three other objectives (Guillaumin et al. 2007 ): (1) autonomy of the farming system vis-à-vis external inputs, such as feed concentrates or mineral fertilizers, subsidies, and external financing; (2) diversification of agricultural income, through food production, non-food production (e.g., agritourism), and marketing, as well as diversification of non-agricultural activities; and (3) a farm's durability over time, mainly related to succession and transmission (Figs. 2 and 5 ). Indicators referring to these 
Social sustainability
Little is available in the way of literature on the quantification of social sustainability, due to its subjective character, differences between farmers and other social groups in the way it is perceived (van Calker et al. 2007) , and the limited availability of required data. Social sustainability is defined at two levels (Guillaumin et al. 2007; van Calker et al. 2007; Van Cauwenbergh et al. 2007 ): (1) at farm community level, internal social objectives are related to the well-being of the farmer and his family, i.e., their quality of life, physical, and psychological well-being; and (2) at the level of society, external social objectives are related to society's demands, depending on its values and concerns, which are constantly changing. That is why the definition of this dimension is also constantly in flux. According to these aspects, indicators reviewed in the literature have been grouped into three internal objectives: education, working conditions, and quality of life, and three external objectives: multifunctionality, acceptable agricultural practices, and quality of products (Figs. 2 and 6). Social indicators have been classified into quantitative and qualitative types. Qualitative indicators consist of selfevaluations by the farmer, for example about his quality of life (Vilain 2008) . Due to data availability, such indicators requiring the farmer's opinions about specific concerns cannot be included in data-driven approaches. Quantitative indicators include: (1) raw data, i.e., with the lowest aggregation level, such as workforce and farmer qualifications (Dantsis et al. 2010; Fernandes and Woodhouse 2008) ; (2) simple indicators, i.e., combinations of raw data (CORPEN 2006) , such as the importance of agritourism in the turnover (CORPEN 2006) , such as the animal welfare index, which is calculated from several variables: grazing period, barn surface, and freedom of movement (Sauvenier et al. 2005) . There is a duality between raw data and composite indicators. On the one hand, raw data are easily measurable but provide little information. On the other hand, composite indicators summarize and simplify complex systems, but usually require specific data collection. They might also involve a loss of information because they can hide valuable information (CORPEN 2006; Riley 2001b ).
Selection of sustainability indicators
Indicator selection is an important step in all indicator-based assessments since it influences conclusions. The use of a well-defined and transparent procedure is thus necessary to enhance credibility and reproducibility of the evaluation (Niemeijer and de Groot 2008) . As mentioned by Dale and Beyeler (2001) , "a lack of robust procedures for selecting indicators makes it difficult to validate information provided by those indicators." The selection of sustainability indicators in data-driven approaches includes three main steps: (1) contextualization of the assessment; (2) comparison of indicators based on various criteria, the most limiting being data availability; and (3) selection of a minimal, consistent, sufficient, and representative set of indicators.
Contextualization
Contextualization, also called "preliminary choices and assumptions" by Bockstaller et al. (2008) , consists of defining the purpose of the analysis. For instance, an assessment can be performed ex ante or ex post, for research purposes, or with an advisory, decision-making, monitoring, communication or educational objective CORPEN 2006; Halberg et al. 2005a; Singh et al. 2009 ). Based on this objective, the system considered has to be defined, along with spatial and temporal analysis scales (Binder et al. 2010; Bockstaller et al. 2008) . Defining the sustainability concept and setting objectives is another challenge that will influence the selection of indicators. This Fig. 4 Classification of environmental indicators related to quality of natural resources, according to the typology based on the causal chain between practices and their environmental impacts. Quality of natural resources includes themes related to biodiversity, air and soil quality. Water quality is not represented here since indicators for this theme mainly concern pesticide and nutrient use process involves normative choices since some problems are deemed more important than others, depending on context and local perceptions (Halberg et al. 2005a ). This preliminary stage also includes determining which stakeholders will be involved and how they will play a role in the assessment. Indeed, a participative process is essential for defining sustainability concept, and selecting objectives and the set of indicators that reliably represent the system considered (Binder et al. 2010; Ramos and Caeiro 2010) . Furthermore, it is important to specify the type of end users of the assessment since it is unlikely that the same indicators will be chosen if the end users are scientists, farmers, decision makers, or consumers . 
Comparison and evaluation of indicators
Selection criteria aim to compare and evaluate indicators found in the literature in order to formalize the process of selection in a transparent way. Various selection criteria are used in sustainability assessments, and the importance given to each depends on the context and the objective of the study (CORPEN 2006) . Furthermore, the precise meaning of these criteria, such as "feasibility" or "relevance," sometimes varies between authors, highlighting a lack of common methodology to compare indicators ). The most common selection criteria used in sustainability assessments have been grouped into three classes (based on CORPEN 2006): (1) relevance: criteria related to the appropriateness of the indicators in terms of context and quality of the analysis; (2) practicability: criteria related to the practical nature of indicator calculation and implementation; and (3) end user value: criteria related to the use of the indicators by end users (Table 2) .
Relevance
With regard to the contextualization of the assessment, selected indicators must correspond to the objective, the system considered, and the scales of the analysis. Concerning the spatial scale, sustainability assessments in agriculture are performed at regional, farm, or cropping system level ). The farm is the main organization and management level, where decisions, strategic choices, and technical actions are performed (Chardon 2008; CORPEN 2006; Van Cauwenbergh et al. 2007) , which is why improvements in terms of sustainability are possible at this level (Chardon 2008) . A farm's boundaries can exclusively be limited to the farm or can include upstream activities, e.g., production and transport of inputs, and/or offstream activities, e.g., packaging and waste management .
With respect to the temporal scale, indicators are used to monitor the state of the farming system at several moments in time or to compare it against a reference value (Van Cauwenbergh et al. 2007 ). In the first case, due to the dynamic properties of agricultural systems, one-off measures are often not accurate and indicators have to be measured with a frequency (e.g., annual, medium term, long term) that highlights a significant variation in indicator values and the influence of certain parameters, such as climate or market prices (CORPEN 2006; Van Cauwenbergh et al. 2007 ). In such cases, indicator values should be interpreted by considering all potential factors of influence (CORPEN 2006) . As for comparison against a reference value, indicators must integrate the variability caused by external factors. For instance, due to high interannual variability, economic indicators are often calculated based on a 3-year average (Van Cauwenbergh et al. 2007; Vilain 2008) . Concerning the quality of analysis, validity includes analytical and social aspects. The analytical aspect is related to the analytical soundness of the indicator, i.e., is the indicator scientifically substantiated and does it provide reliable information in relation to the phenomenon to be monitored? The social aspect concerns recognition of the indicator by stakeholders, i.e., is the indicator meaningful and accepted by users? (Bockstaller and Girardin 2003; Fernandes and Woodhouse 2008; Meul et al. 2009; Sauvenier et al. 2005) With respect to the first aspect, some authors talk about robustness, i.e., insensitivity to interference (CORPEN 2006; Niemeijer and de Groot 2008) , sensitivity to stresses, external changes, and changes to the system (Meul et al. 2008; Niemeijer and de Groot 2008; Sauvenier et al. 2005) , reproducibility (Dantsis et al. 2010) or, more generally, statistical properties. These properties have to allow an unambiguous interpretation of the indicator (Niemeijer and de Groot 2008) . To evaluate validity of indicators, CloquellBallester et al. (2006) also proposed a criteria hierarchy and a methodology using notions of conceptual coherence, operational coherence, and utility of indicators. Concerning the social aspect, the usefulness of indicators for end users depends on the context of the analysis and should be studied in interaction with stakeholders, for example using a survey to point up their strengths and weaknesses, to check they have been understood and interpreted properly, and to evaluate the willingness of end users to use them in practice (Bockstaller and Girardin 2003; Meul et al. 2009 ).
Practicability
Measurability concerns the availability of required data to calculate indicators and the method of calculation used. Indicators should be calculated from data that are easily obtainable, i.e., directly from farmers or from existing databases, or collected at a reasonable cost and within a reasonable time span (Bechini and Castoldi 2009; Dantsis et al. 2010; Fernandes and Woodhouse 2008; Gómez-Limón and Sanchez-Fernandez 2010; Sauvenier et al. 2005) . In datadriven approaches, data availability is the first filter applied in the selection process since indicators must be calculated from existing databases.
Some authors also recommend using indicators that are quantifiable in an objective way, as values rather than as scores (van Calker et al. 2007; van der Werf and Petit 2002) . Indeed, scores have no dimension units and cannot therefore be compared with other values or observations (van der Werf and Petit 2002). Other authors justify this criterion by the need to use indicator outputs in a model (van Calker et al. 2007) .
When indicators are aggregated at a later stage, they have to be compatible with the chosen aggregation method. For instance, if indicators are integrated into a multi-attribute sustainability function, it must be possible to determine utility values for selected indicators (van Calker et al. 2006; van Calker et al. 2007 ). Furthermore, indicators included in an assessment method should be transferable, for example with respect to different types of farm, to enable this method to be used in different areas and situations (Niemeijer and de Groot 2008; Sauvenier et al. 2005) . Consequently, identifying common indicators is a challenge in order to compare studies easily (Riley 2001b ).
End user value
The appropriateness of indicators in line with the expectations of stakeholders is required in a sustainability assessment. Indicators have to be clear, readable, and easy for end users to understand and interpret (Bechini and Castoldi 2009; CORPEN 2006; Dantsis et al. 2010; Meul et al. 2008) . By definition, an indicator is a compromise, providing significant information and simplifying complex processes (Bechini and Castoldi 2009; Rigby et al. 2001 ). Aggregated and simplified information, such as composite indicators, promotes the function of communication (CORPEN 2006) . However, relevance of aggregation is often discussed because of the loss of information and the methodological problems involved, the subjectivity of component weighting, and the difficulty of defining reference values (Riley 2001b; Bockstaller et al. 2008 ). Moreover, it does not enable us to understand the complexity and tradeoffs between its components (Castoldi and Bechini 2010) . In this context, sensitivity analyses are interesting to evaluate the consequences of weighting and to deal with trade-offs between components of a composite indicator . Bockstaller et al. (2008) therefore recommend the joint use of aggregated and individual indicators. Reference values define the appropriate level of sustainability for an indicator. They aim to evaluate indicator values and to help users interpret them Meul et al. 2008; Van Cauwenbergh et al. 2007 ). They can be (1) absolute fixed values, such as thresholds, i.e., minimum or maximum acceptable values, or targets, i.e., values identifying desirable conditions, or (2) relative values, i.e., comparison of indicator values with initial value, average of the sample, regional average, desirable trends, or between sectors CORPEN 2006; Van Cauwenbergh et al. 2007) . Absolute values can be scientific values, legal norms (Van Cauwenbergh et al. 2007) , or values defined by stakeholders . They involve the determination of a reasonable level for a given farm, depending on the context and the system (Halberg et al. 2005b) . Relative values allow us to avoid the choice of an absolute value. They enable farms to be compared but do not determine whether they are sustainable . For some authors, the existence of historical comparative data for the indicator is then an additional criterion for selecting indicators (Niemeijer and de Groot 2008) . Another solution involves scoring indicators, using a relative scale (Van Cauwenbergh et al. 2007 ), but this might make it more complex for the farmer to understand how to improve the objective related to the indicator (Halberg et al. 2005b ). In terms of interpretation, the meaning of scores must be clearly specified: does it represent a risk, an impact, an environmental performance, a negative or a positive effect ?
Some criteria are used in specific contexts. From a policy point of view, indicators should address important issues for policy makers (Fernandes and Woodhouse 2008; Sadok et al. 2009 ), monitor the effects of policy measures, and identify whether action is needed (Gómez-Limón and SanchezFernandez 2010; Sauvenier et al. 2005) . For a farm's diagnosis, the farmer should have leeway on the value of the indicator (van Calker et al. 2007) . Table 3 gives an example of the evaluation of nitrogen indicators, based on some of these three kinds of selection criteria.
Selection of a set of indicators
In addition to these diverse selection criteria, indicators have to be considered as a set, rather than on an individual basis (Lyytimäki and Rosenström 2008) . Indeed, for a correct interpretation, an indicator needs to belong to a consistent and comprehensive set (Niemeijer and de Groot 2008) . The challenge is to select a set of indicators able to comprehensively and reliably represent the complexity of the system, its current environmental, economic, and social state, and its transition towards sustainability (Binder et al. 2010) . From a practical point of Indicators have then to be selected by considering this comparison, but also the objectives and scales of the analysis and the characteristics of the set of indicators N nitrogen; NO 3 -nitrates; NH 3 ammoniac; N 2 O nitrous oxide; P parcel level; F farm level; R regional level; ++, +, +/−,−, −− relative degree of availability, ability to summarize, and possibility for the farmer to influence the output value view, three criteria have to be met. (1) Parsimony: selected indicators are not redundant and are few in number to ensure readability and manageability (Binder et al. 2010; Sadok et al. 2009 ). (2) Consistency: all indicators necessary for the interpretation are included in the selected set. For instance, it is recommended that the indicator of mineral nitrogen input should be considered with application period, application methods, and yields (CORPEN 2006) . (3) Sufficiency: the set of indicators is exhaustive to include all sustainability objectives (Binder et al. 2010; Sadok et al. 2009) (Table 2) .
Taking into account interactions between indicators makes it possible to appropriately represent the main structure and processes of the system (Binder et al. 2010 ). Trade-offs occur when several indicators cannot all be improved at the same time (Halberg et al. 2005a ). For example, Darnhofer et al. (2010) highlight the trade-off existing between the short-term economic efficiency of a farm and the objective of adaptability by developing diverse activities that ensure the farm's longterm viability. In order to take into account interactions between environmental themes and indicators, Niemeijer and de Groot (2008) propose a selection process, focusing on the environmental dimension, based on the concept of a causal network, i.e., a network of multiple causal chains, including interactions between them. For instance, to assess the environmental impact of nitrogen fertilization on surface water ecosystems, selection is made by considering a network composed of causal chains related to crop production, socioeconomic issues, air, soil, and water (Niemeijer and de Groot 2008) .
Furthermore, identification of correlations between indicators could also help the user in the process of selecting a minimal, consistent, and sufficient set of indicators. By way of illustration, Thomassen and de Boer (2005) found, in commercial dairy farms in the Netherlands, a correlation between nitrogen surplus and eutrophication potential onfarm, meaning that the nitrogen surplus is relevant "to a moderate extent" to assess the environmental impact of eutrophication with more easily available data. Although nitrogen surplus is used in various assessments (Bechini and Castoldi 2009; Gómez-Limón and Sanchez-Fernandez 2010; Meul et al. 2008; Vilain 2008 ), this indicator is considered a poor predictor of nitrogen losses, especially on the scale of a single year (Buczko and Kuchenbuch 2010) .
Key issues involved in the assessment
Gaps in the sustainability assessment
In data-driven approaches, data availability is a significant constraint for selection and calculation of indicators. Therefore, by comparing the overview of sustainability themes with themes that can be assessed from available data, some gaps in the assessment can be highlighted. Because they require few data for their calculation and because they are based on farmers' practices, most means-based indicators and some intermediate indicators, such as nutrient surplus, can be used to assess environmental themes in data-driven approaches. However, such indicators are not available for all themes. For instance, assessment of greenhouse gas emissions involves indicators requiring a lot of detailed data, e.g., grazing period, manure storage, and animal feeding. Most economic indicators can be assessed because they require quantitative monetary data that are usually recorded, for instance in farm accountancy databases. However, indicators relating to themes like product marketing or external income require data that are probably less commonly recorded as a matter of routine. Finally, social themes are clearly difficult to assess without collecting additional data on the farm. In fact, social indicators often depend on qualitative estimations. Consequently, only raw data, such as working time, workforce, and education, and some indicators with a low degree of aggregation could be used as social indicators.
These gaps also involve imbalance between dimensions and themes, with regard to their development and consideration in the literature (Fig. 2) . This imbalance can be explained by two factors. Firstly, the interest of stakeholders (e.g., civil society, researchers, and agricultural policy makers) is currently mainly focused on environmental issues. Secondly, the environmental dimension covers large and complex fields, whereas the economic dimension is comprehended in a less holistic manner due to the monetary nature of this criterion (Sadok et al. 2009 ). The social dimension spans an intermediate number of themes (Sadok et al. 2009 ). However, few sustainability assessments consider this dimension due to its impracticability and the difference in perception between stakeholders (Van Calker et al. 2007) .
Two suggestions are made to deal with these shortcomings. First, any gaps highlighted should be explicitly mentioned in the results of the assessment. Second, gaps and limitations of data-driven approaches should be taken into account for further collection of data in order to reduce imbalances between topics, as well as to provide information about the topics on which more research is needed. It concerns for instance the development of farm-level social and socioeconomic indicators, among others indicators related to durability, working conditions, and quality of life. With regard to work organization, Hostiou and Dedieu (2012) developed, for example, a method for assessing work productivity and flexibility in livestock farms. Such works about social dimension of agriculture would have to be developed in order to restore the balance between sustainability dimensions.
Use of means-based indicators
Due to the limitation of data availability, data-based approaches are often restricted to mainly considering means-based indicators to assess the environmental dimension. However, as mentioned in section 2.1, these indicators have a low quality of prediction of environmental impacts. Hence, one solution to increase their accuracy might involve using a combination of indicators for the same theme . For example, the indicator of catch crops area has to be considered with bare soils area, bare soils duration, and the period during which there is a high risk of leaching (CORPEN 2006) to respect the consistency of the set of indicators. However, increasing the number of indicators is complicated in practice as it causes redundancy in the set of indicators and makes interpretation and communication of the results more difficult. It also involves the development and use of an aggregation procedure.
Furthermore, some indicators, such as energy consumption, are calculated from several inputs. Data necessary for calculating these components are not always available in the case of data-driven approaches, however. In this case, the use of simplified indicators could be of interest to select a set of indicators. By way of illustration, four main inputs (electricity, fuel, mineral fertilization, and animal feeding) can be considered to assess fossil energy use in herbivore livestock farming systems since it has been shown that they represented 80 % of the energy consumed. The remaining 20 % mainly relates to machines and buildings, for which there is little leeway for the farmer in the medium term, and to pesticides, which represent less than 2 % of the energy consumed (Beguin et al. 2008) . This example underlines the need for a sensitivity analysis to identify input variables having a significant effect on outputs values . Thereafter, we can focus on these significant variables to develop simplified indicators.
Choice of functional units
The outputs of quantitative environmental indicators generally increase with the size of the farm. Functional units are therefore used in order to compare farms (Chardon 2008; Thomassen et al. 2008) . These are defined according to the two main functions that are commonly assigned to agricultural systems: (1) the expression of impacts per amount of product (e.g., liter of milk, kilogram of meat) is related to the function of market goods production; and (2) the expression per hectare of agricultural land refers to the function of non-market goods production, such as environmental services (Basset-Mens and van der Werf 2005) . Less frequently, the function aiming to provide an income for the farmer is taken into account, defining a third functional unit that consists of expressing impacts per income unit (van der Werf et al. 2009 ).
The choice of functional unit depends on the objective and context of the evaluation (van der Werf et al. 2011) , but also influences the relative position of farms (Chardon 2008) . For instance, a comparison between organic and conventional milk production systems gives different results, depending on the functional unit used: environmental impacts per hectare are generally lower for organic farms, but the impacts are fairly equivalent in both systems when they are expressed per unit of product (Halberg et al. 2005a; van der Werf et al. 2011) .
Some authors recommend selecting indicators that can be expressed per amount of product and per hectare in order to evaluate the systems according to both functions (van der Werf and Petit 2002; van der Werf et al. 2011) . For others, indicators concerning global impacts, e.g., greenhouse gas emissions, should be expressed per unit of product, while indicators related to local impacts, e.g., eutrophication potential, should be expressed per hectare (Halberg et al. 2005a) . Indeed, lower emissions of extensive systems are beneficial on a local scale but, if lower production has to be compensated by more intensive production in other regions, global emissions may be the same or higher. It is therefore interesting to express global impacts per unit of product (Halberg et al. 2005a) .
On the other hand, in the case of mixed farms combining several types of productions, such as milk, meat, and crops, expressing indicators per unit of product is a challenge in terms of allocation between the different types (Chardon 2008) . Such allocations can be made, for example, according to the economic value of the products (Basset-Mens and van der Werf 2005), or their nutritional value in terms of protein or energy (Chardon 2008) .
Use of indicators to compare systems
In some cases, the goal of the assessment is to compare the sustainability of different farming systems, for instance between organic and conventional dairy farming systems. Not all indicators are suitable for making such comparisons, however. Conditions for use and interpretation of indicators should thus be considered during the selection stage. For instance, nutrient balances can be used to compare farms only if they have a comparable production type (e.g., arable versus livestock) and intensity (e.g., milk production per hectare) (Nevens et al. 2006) . The relationship between nutrient surplus and environmental losses is in fact exclusively valid within a given production system (Chardon 2008) . To take another example, economic criteria have to be interpreted by taking into account the farm life cycle and the production system. For instance, the solvency rate is usually lower for new young farmers than for their older counterparts (Guillaumin et al. 2007 ).
5 Selection of indicators to analyze the sustainability of Walloon dairy and beef livestock systems
Contextualization
The issues reviewed in the first four sections were considered in selecting indicators in the context of the sustainability analysis of dairy and beef livestock systems in Wallonia (the southern part of Belgium). The purpose of this research is to analyze diversity of a set of dairy farms and a set of beef farms, based on economic, environmental, and social indicators. Indicators were calculated based on data derived from two regional farm accounting databases (Agricultural Economic Analysis Department 2008 and Walloon Breeders Association 2008 and . The spatial scale is the farm level, while the temporal scale is annual, due to accounting data characteristics. Stakeholders involved in the assessment are farmers, the farmers' union, researchers, and commercial players, such as milk dairies, cheese dairies, or slaughterhouses, who will be interviewed to take into account their definition of sustainability and to internally validate the selected set of indicators.
Selection process
The selection process is described in Fig. 7 . The procedure uses some of the selection criteria summarized in Table 2 (section 3) to compare indicators and to select a minimal, consistent, and sufficient set of indicators. The initial list of indicators was established by combining four steps: (1) a review of the literature aiming to list indicators and to class them by dimension, theme, and type (section 2); (2) consultation of experts in economics, nitrogen management, biodiversity, pesticides, energy consumption, and greenhouse gas emissions to evaluate the relevance of these indicators and possibly suggest some new ones; (3) an analysis of databases to identify what data are available; and (4) preliminary selection based on the criteria of appropriateness for the context and scales, analytical validity (relevance), and data availability (measurability).
Indicators were then calculated and the criterion of measurability resulted in the removal of some indicators from the list due to calculation problems related to data characteristics. For instance, missing data on water consumption for a sample of farms involved deleting this indicator to avoid any bias in the analysis. To respect the parsimony criterion for the set of indicators, an analysis of the correlations between indicators was then performed. In the case of indicators showing a coefficient of correlation higher than 0.8 and referring to the same sustainability objective, one of the pair was deleted, based on criteria of comprehensibility and ability to summarize. If such considerations were not applicable, the indicator with the highest coefficient of variation was chosen since our goal is to analyze the diversity of the farms. Finally, because the set included several noncorrelated indicators representing the same sustainability objective, it was still necessary to remove some of these to obtain a non-redundant and consistent set of indicators. For this purpose, the need to consider complementary indicators for the interpretation, and the criteria of comprehensibility and ability to summarize were taken into consideration. The intermediate list of indicators resulting from this process includes 15 environmental, 10 economic, and 6 social indicators. This imbalance is related to the uneven representation of these three dimensions in the literature, but also to the exclusive use of accounting databases that mainly include economic and input-related data (e.g., fertilizers and animal feeding). As mentioned in section 5.1, the process will be supplemented with interviews with stakeholders. The selected indicators were classified by theme, and comparison of this list with the themes reviewed in the literature and described in section 2 highlighted gaps in the assessment. Consequently, emissions of greenhouse gases and acidifying substances, soil quality, quality of life, animal welfare, workload, product quality, and landscape quality are not assessed by our set of indicators due to a lack of data regarding these topics. Other key issues, presented in section 4, were also taken into account in the process. Firstly, for the environmental dimension, the set includes mainly means-based indicators. Simplified indicators, such as energy consumption calculated from four main topics (section 4.2), were also useful since data availability was our main constraint in this selection process. In fact, neither database had any data on agricultural machines and buildings. With regard to functional units (section 4.3), environmental indicators are mainly expressed by hectare due to problems of allocations between types of production on a farm. Indeed, farms are defined as specialized according to the European typology. Consequently, the existence of several types of production is possible on one farm. This choice of unit is advantageous for extensive systems (Schröder et al. 2003) , and interpretation will consequently be performed with care. However, environmental, economic, and social indicators expressed in other units are considered in a complementary manner in further analyses. Finally, the comparison of farms based on sustainability indicators has to be done carefully (section 4.4). Interpretation of the results involves taking into account the influence of the farm's structure on some indicator outputs. For instance, the location of a farm in Wallonia determines soil and climatic conditions. Such conditions influence the presence of cash crops on the farm and consequently have an impact on pesticide costs. To manage this aspect, structure indicators, such as percentage of grasslands or percentage of cash crops in the utilized area, are considered in interpreting results.
In conclusion, the overview of sustainability themes and indicator typology (section 2), the summary and description of steps and criteria involved in a process of selection (section 3), as well as the key methodological issues described (section 4) were all useful in making a relevant and transparent selection of sustainability indicators within the context of a data-driven analysis of livestock farming system sustainability.
Conclusion
Due to the multiplicity of indicators aimed at assessing the sustainability of livestock farming systems, the implementation of a transparent and documented selection process is necessary to avoid arbitrary decisions and to ensure credibility of the assessment. In this context, data-driven approaches involve selecting a set of indicators from available data. This article provides a general overview of typologies of sustainability indicators and discusses practical aspects to be implemented in the selection process.
The most developed typology concerns the environmental dimension, with a distinction made between means-based indicators, intermediate indicators, including system-state and emission indicators, and effect-based indicators. Economic and social indicators can be classified according to their quantitative or qualitative character and their degree of aggregation, ranging from raw data to composite indices. Due to the limitation of data availability, with regard to the environmental dimension, a data-driven assessment is often restricted to focusing mainly on means-based indicators, which are, in fact, based on farmers' practices and require few data for their calculation. They do, however, have a low quality of prediction for environmental impacts. Due to the same constraint, the social dimension is mainly estimated by means of raw data indicators, such as the workforce. In contrast, the economic dimension might be more easily assessed since it covers less varied themes. Moreover, data are generally available for quantitative economic indicators, for instance in farm accountancy databases.
To ensure transparency and credibility, the selection process should comprise three steps. First, contextualization consists of defining the objectives of the analysis, and temporal and spatial scales, as well as identifying stakeholders and determining their involvement. Existing indicators are then compared and evaluated based on selection criteria relating to relevance, practicability, and end user value. These criteria are summarized in Table 2 . The choice of criteria depends on the context of the assessment. Finally, the selected set of indicators has to appropriately represent the system and respect the criteria of parsimony, consistency, and sufficiency.
Since data-based assessments have clear limitations, transparency of methodological issues is a prerequisite. Gaps resulting from non-availability of indicators for some themes should be explicitly mentioned in the results. When only means-based indicators can be used to assess an environmental theme, several indicators can be combined to increase the accuracy of the assessment. However, a compromise has to be found between such a combination and consideration of the parsimony criterion to ensure practicability in use and ease of interpretation. Some environmental indicators can be expressed in various units: per hectare, per kilo of product, or per euro of income. The choice of functional unit influences the results since relative positions of farms will be different depending on the unit used. Consequently, the choice made has to be taken into account in interpreting the results. Finally, when farms are compared from indicators, the influence of the structure on some indicator values has to be carefully studied. More generally, conditions of use and interpretation have to be considered.
Further research is needed to explore potential interactions between indicators, between and within themes and dimensions. Indeed, the use of a hierarchical framework compartmentalizes indicators into themes and dimensions and poorly reflects interactions between them. The concept of a causal network (Niemeijer and de Groot 2008) , currently focusing on environmental impacts, could be broadened to consider the three dimensions equally and implemented to select indicators. Finally, the identification of imbalances and gaps in the assessment highlights the themes for which few indicators are available, and more research is needed in this area. This typically concerns social themes, non-monetary economic themes, as product marketing or external activities, and environmental themes that are less developed in the literature, e.g., soil quality and land management.
